Objectives. To develop a proteomics approach to study changes in the secreted protein levels of primary human chondrocytes after stimulation by the pro-inflammatory cytokines interleukin-1 and oncostatin M. Methods. Using both the primary human articular and bovine nasal chondrocyte-conditioned mediums, methods were investigated to enable the separation of proteins by two-dimensional (2D) gel electrophoresis. Differentially regulated proteins were identified using tandem electrospray mass spectrometery. Results. We discovered that proteoglycans and glycosylaminoglycans (GAGs) secreted by chondrocytes significantly interfered with 2D gel focusing. Several different methods for GAG removal were attempted including enzymic digestion, cetyl pyridinium chloride precipitation and anion exchange in high salt. The anion exchange proved to be the most effective. Even from these initial gels, we were able to identify eight proteins produced by human chondrocytes: matrix metalloproteinase (MMP)-1, MMP-3, YKL40, cyclophilin A, b 2 -microglobulin, transthyretin, S100A11, peroxidine 1 and cofilin. MMP-1, MMP-3, YKL40 and cyclophilin A were all identified as processed, smaller peptide fragments. Conclusions. We were able to develop a novel sample preparation protocol to allow the reproducible sample preparation of secreted proteins from human chondrocytes. From the initial data, we were able to show that at least some of the proteins produced were cleaved to smaller fragments as a result of proteolysis. Therefore, this technique provides valuable information about protein processing which gene-based arrays do not.
Introduction
The cartilage tissue is composed predominately of an extracellular matrix (ECM), where proteoglycan provides the resistance to compression whilst collagen gives the cartilage its tensile strength. Embedded within this ECM are chondrocytes that regulate the turnover and remodelling of the cartilage matrix [1] . In normal adult cartilage, a steady state exists in which the turnover of the matrix molecules is in equilibrium. Irreversible degradation of the cartilage matrix is a major feature in both osteoarthritis (OA) and rheumatoid arthritis (RA), leading to a loss of joint function. Cartilage model systems respond to the pro-inflammatory cytokine interleukin-1 (IL-1) with a rapid release of proteoglycan from the tissue [2] [3] [4] [5] , although this can be resynthesized quickly [4] if the stimulus is removed. In contrast, collagen is much less readily broken down and hence represents the irreversible step in cartilage degradation [5] . Thus, collagen degradation is believed to be a key control point for cartilage degradation.
The matrix metalloproteinases (MMPs) are a family of zincdependent endopeptidases that collectively cleave most, if not all, of the components of the ECM. They are involved in the normal turnover of connective tissue matrix that takes place during growth and development. They are also implicated in the pathological destruction of tissues in a variety of diseases including tumour invasion, metastasis [6] , and cartilage and bone destruction in the arthritides [7, 8] . The MMPs can be divided either into groups that differ in structure or in substrate specificity such as collagenases, stromelysins, gelatinases and membrane-type MMPs (MT-MMPs). There are three main human collagenases: MMP-1 (interstitial collagenase), MMP-8 (neutrophil collagenase) and MMP-13 (collagenase-3 [9] [10] [11] ). These enzymes specifically cleave fibrillar collagen into 3/4 and 1/4 fragments. In addition, gelatinase A (MMP-2) and MT1-MMP (MMP- 14) have also been shown to cleave type I collagen [12, 13] . Degradation of the collagenous network is excessive in human arthritis [14] , and breakdown of type II collagen, the main type of collagen in articular cartilage, correlates with MMP activity in cartilage explant cultures [15] . Raised levels of collagenases have been localized within diseased cartilage from rheumatic diseases [16] and in rheumatoid synovial fluid [17] . Collagenases are also present at the cartilage-pannus junction and in synovial tissue from RA and OA joints [18] [19] [20] . Collagenases are therefore key enzymes involved in collagen turnover [21, 22] .
The regulation of MMP activity is tightly controlled at three levels: synthesis, pro-enzyme activation and inhibition of activated enzymes. All MMPs are synthesized as zymogens that must undergo cleavage to produce the active enzyme. MMPs can be activated in vitro by proteinases and by non-proteolytic compounds such as thiol agents, organomercurials, reactive oxygen species and by heat treatment [23] . Once activated, MMPs are subject to further control by a group of inhibitors known as tissue inhibitors of metalloproteinases (TIMPs) [24] . The production of MMPs and inhibitors is mediated by a variety of cytokines and growth factors including IL-1, oncostatin M (OSM) and tumour necrosis factor (TNF-) [25, 26] .
Many different pro-inflammatory cytokines have been demonstrated to be up-regulated in RA, including TNF-, IL-1, OSM and IL-17, while anti-inflammatory cytokines such as IL-4 are virtually absent. In model systems such as the bovine nasal cartilage assay, these pro-inflammatory cytokines have been shown to stimulate the destruction of cartilage in explant cultures while the addition of anti-inflammatory cytokines can, in some cases, inhibit this destruction. Cytokines, however, are never found in isolation within an RA joint, and the effects of one cytokine can modulate the effect of others. This is demonstrated by IL-1 and OSM: alone IL-1 is capable of causing the degradation of cartilage in the bovine nasal system; however, if OSM is added there is a synergistic increase in the amount of destruction observed. This was a novel finding as OSM alone increases the expression of TIMP-1, the natural inhibitor of MMPs that are involved in cartilage destruction during rheumatoid disease. This cytokine combination was also shown to synergistically regulate the expression of the collagenase MMP-1 in chondrocytes and synovial fibroblasts, and has been strongly linked to cartilage destruction in RA [27] . A later work [28] demonstrated that mRNA for a number of MMPs was rapidly up-regulated in response to this cytokine combination. The destruction of cartilage, however, is unlikely to be caused by the up-regulation of a single enzyme. It is known that the removal of proteoglycan, which always precedes the removal of collagen, is due to a family of proteinases belonging to a disintegrin and metalloprotinease with thrombospondin motifs (ADAMTS) family [29] . These proteins are associated with the surface of the cell and are responsible for initiating the dismantling of the ECM. The localization of proteins to specific areas of the cell surface is likely to involve a large number of different proteinases, inhibitors and assessory proteins. The up-regulation and/or down-regulation of such proteins leads to a shift in the balance between active proteinases and inhibitors at the interface of the cell and the matrix to promote cartilage destruction. It is obvious that the discovery of the precise sequence of events that leads to these imbalances will give new insight into the mechanism of action and could identify new therapeutic targets.
It is clear that to try and understand the interplay of the different proteins produced by chondrocytes after stimulation with disease-causing cytokines, a method needed to be developed to study all the proteins produced. In this article, we have developed methodologies to look at the proteins produced by primary chondrocytes in monolayer culture after stimulation with combinations of the pro-inflammatory cytokines IL-1 and OSM. This ability to identify changes in protein profiles after proinflammatory cytokine stimulation should enable a better understanding of some of the underlying mechanisms in cartilage breakdown [30] .
Materials and methods
This study was approved by the Newcastle and North Tyneside Local Research Ethics Committee.
Reagents
Chemicals were obtained from the following suppliers: IL-1 was a generous gift from Glaxo Smith Kline (Stevenage, UK), OSM [31] from Prof. J Heath (University of Birmingham, Birmingham, UK). All other reagents were commercially available analytical grade or better, obtained from Fisher Scientific UK (Loughborough, UK), BDH Chemicals (Poole, UK), Sigma-Aldrich (Poole, UK) and Amersham Bioscience (Little Chalfont, Buckinghamshire, UK).
Tissue culture
Primary human articular chondrocytes (HACs) were extracted from human cartilage obtained after joint replacement surgery. Four samples were obtained from both sexes with established OA and ages which ranged from 71-85 years. The bovine nasal chondrocytes where obtained from the septum cartilage of freshly slaughtered cows. Briefly, cartilage was removed from the joints, and sequentially digested with hyaluronidase [1 mg/ml in phosphate buffered saline (PBS), type IV bovine testicular], trypsin (0.25% w/v in PBS) and finally, bacterial collagenase (1 mg/ml). Cells were resuspended and seeded into T75 flasks in Dulbecco's modification of Eagle's medium (DMEM) supplemented with 10% bovine fetal calf serum, 2 mM glutamine, 200 IU/ml of penicillin, 200 g/ml of streptomycin, 40 units/ml nystatin and 50 g/ml gentomycin.
Cells were grown to pre-confluence before serum starving for 24 h in medium minus bovine fetal calf serum. The medium was replaced and cells stimulated for 24 h with IL-1 (1 ng/ml) and OSM (10 ng/ml) combinations. For the final 4 h, the medium was again replaced but with DMEM without cysteine and methionine. This medium was further supplemented with 5.3 MBq of 35 S-labelled cysteine and methionine (ProMix, Amersham Bioscience) to label the newly synthesized proteins and cytokines. At harvest, all proteolytic activity within the samples was inhibited using proteinase inhibitors (complete inhibitor tablets, Roche), and any floating cells or debris was removed by centirfugation.
Cetyl pyridinium chloride (CPC) precipitation of GAG
Medium samples were collected after the 24 h stimulation. The levels of glycosylaminoglycan (GAG) were measured using dimethyl-methylene blue (DMB) binding [32] . The GAGs present were precipitated at RT for 30 min using 3 mg of CPC for every milligram of GAG. Precipitated GAGs were pelleted by centrifugation at 48C, 35 000 g for 10 min. The medium was collected and the pellet washed briefly with 100 nM NaCl, both the wash and the medium were combined. The proteins contained within the medium were precipitated overnight at 48C using an 80% saturated solution of ammonium sulphate and pelleted by centrifugation at 48C, 35 000 g for 30 min. Protein pellets were resuspended in ddH 2 O and dialysed extensively against 100 mM ammonium bicarbonate at 48C before freeze drying. Comparison samples were treated identically but with the omission of the CPC step.
Sample preparation using enzymes
Conditioned medium was treated with either chondrotinase ABC (1 g/ml, 0.001 units/ml) or hylauronidase (1 g/ml, 0.36 units/ml, type IV bovine testicular) at 378C for up to 24 h. To prevent further proteolysis of the samples, proteinase inhibitors were added (complete inhibitor tablets, Roche). Proteins were collected by 80% saturated solution of ammonium sulphate precipitation followed by extensive dialysis against 100 mM ammonium bicarbonate and concentration by freeze drying.
Sample preparation using Q sepharose
Conditioned medium was rapidly dialysed into 50 mM sodium cacodylate buffer, pH 7.5, supplemented with 0.05% (w/v) sodium azide and 5 mM CaCl 2 at 48C with multiple changes. Dialysed medium was adjusted to 1 M NaCl before passing through a Q sepharose resin batch column (1 ml resin per 10 ml of medium). Proteins in the flow-through were precipitated using 10% trichloro-acetic acid (TCA) and resuspended in 100 mM ammonium bicarbonate. Samples were desalted by dialysis against ammonium bicarbonate before concentration by freeze drying. The GAGs, as determined by DMB assay, were retained on the column.
Two-dimensional (2D) gel electrophoresis
The first-dimension isoelectric focusing (IEF) was performed using the Amersham Bioscience recommended conditions. Briefly, freeze-dried samples were resuspended in 450 l of rehydration buffer (8M urea, 2% w/v CHAPS, 2.8 mg/ml DTT, 2% v/v IPG buffers). Protein concentration was estimated using the Bradford assay (Sigma-Aldrich) and volumes corrected so that equal amounts of protein were added per gel. Samples were rehydrated directly into 24 cm immobiline pH gradient strips (Amersham Bioscience) overnight at room temperature. The proteins were focused for 28 h on a Multiphor system (Amersham Bioscience) using the following conditions: 150 V for 1 h, 300 V for 3 h, 3500 V for 24 h at a constant 208C.
For the second-dimension SDS-PAGE, focused immobiline strips were first equilibrated into SDS-PAGE sample buffer by incubating in 20 ml of equilibration buffer [50 mM Tris-HCl pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, trace bromophenol blues] with 10 mg/ml DTT for 10 min. Strips were further incubated for another 10 min in 20 ml of equilibration buffer containing 25 mg/ml iodoacetamide before sealing onto the top of a 12.5% SDS-PAGE gel using agarose sealing solution [1% (w/v) low melting point agarose, 25 mM Tris-HCl, 192 mM glycine, 0.1% (w/v) SDS, trace bromophenol blue]. Up to 12 gels at a time were run overnight at 108C and 2 W per gel on an Ettan Dalt II 12 gel system (Amersham Bioscience).
Gels were stained with a mass spectrometry compatible silver stain [33] . Briefly, gels were fixed for at least 30 min in fixer [50% (v/v) methanol, 10% (v/v) acetic acid] before washing for 10 min in 50% (v/v) methanol. Gels were rehydrated with a further wash for 10 min in ddH 2 O before a 2 min sensitizing step in 0.02% (w/v) sodium thiosulphate. Gels were given two further 1 min washes in water before incubation at 48C in the dark in 0.1% (w/v) silver nitrate solution for at least 40 min. Excess silver nitrate was removed with two brief washes with ddH 2 O before the gels were developed [0.04% formalin in 2% (w/v) sodium carbonate] for 2-5 min. The developing reaction was stopped using 10% (w/v) acetic acid, and the gels were stored in 1% (w/v) acetic acid until dried. Before drying, gels were incubated in a drying solution [30% (v/v) ethanol, 5% (v/v) glycerol] for 20 min to prevent cracking and aid subsequent rehydration.
Gel analysis
Silver-stained images were captured using a flat bed scanner (Hewlett Packard) and the 35 S-labelled images were captured using phosphor-screens on a Storm 860 phosphorimager (Amersham Biosciences). Differential protein expression was compared between gels using the Progenesis software (Nonlinear Dynamics, Newcastle upon Tyne). Protein spots of interest were manually excised ready for identification by mass spectrometry.
Mass spectrometry
In-gel digestions with trypsin were performed as described [34] and samples were analysed by tandem electrospray mass spectromtery (ESI MS/MS). Spectra were recorded using a Q-Tof spectrometer (Micromass, Manchester, UK) interfaced to a Micromass CapLC capillary chromatograph. Samples were dissolved in 0.1% formic acid, and aliquots were injected onto a 300 m Â 15 mm Pepmap C 18 column (LC Packings, Amsterdam, NL) and eluted with an acetonitrile/0.1% formic acid gradient. Capillary voltage was 3500 V and data-dependent MS/MS acquisitions were performed on precursors with charge states of 2, 3 or 4 over a survey mass range 540-1000. The collision gas was argon, and the collision voltage was 18-45 V depending on the precursor charge state and mass. Proteins were identified by correlation of uninterpreted spectra to entries in SwissProt and TREMBL using ProteinLynx Global Server (v 1.0, Micromass).
Results

Separation of stimulated primary HAC medium
Primary HACs were stimulated with IL-1, OSM and IL-1 þ OSM combinations, and the secreted proteins precipitated and dialysed before separation using 2D gel electrophoresis ( Fig. 1) . A high percentage gel (15%) which gives resolution down to 10 kDa was used to ensure that all protein species present were represented and that smaller molecular weight proteins were not lost. Only the lower molecular weight proteins, below 36 kDa, separated well into distinct protein spots ( Fig. 1 ). Above 36 kDa, the proteins smeared, making it difficult to identify distinct protein spots or perform reliable analysis on changes in protein expression in this region. Proteins that were present in chondrocytes after all treatments were removed from the lower regions of the gels to test the reliability of the technique.
Identified proteins
Although the higher molecular weight regions of the gels (shown in Fig. 1 ) were poorly resolved, we identified eight protein spots in the lower molecular weight region of the gel (Table 1) . We were able to identify more proteins on these initial gels but the eight listed in Table 1 were found on gels from two separate patients (data not shown). Four of the proteins were cytoplasmic; two of which S100A11 (calgazzarin) and cofilin were present constitutively while both cyclophilin A (peptidyl-proyl cis-trans isomerase A) and peroxirdoxin 1 appeared to be up-regulated by cytokine stimulation. In the case of cyclophilin A, we could FIG. 1. Initial 2D gels from primary HAC stimulated with proinflammatory cytokines. Conditioned medium was prepared by stimulating primary HAC with cytokine combinations for 24 h at 378C. Proteins were prepared for 2D by ammonium sulphate precipitation, dialysis and freeze drying before resuspension in 2D sample buffer. Proteins were first separated according to their isoelectric point on 24 cm 3-10 NL strips using 300 g of protein per strip for 28 h at 208C. The second dimension was performed on 15% SDS-PAGE gels run O/N at 2W per gel at 108C before visualization using silver stain.
only identify it on the IL-1 and OSM gels but could not exclude its up-regulation by IL-1 and OSM combinations as the resolution in this region was poor. To exclude cytotoxicity of the cytokines as an explanation for the secretion of intracellular proteins, we performed FACs looking for apoptosis using annexin V and necrosis using propidium iodide incorporation. We were able to show very low levels of cell death and this level was unaffected by any of the cytokine treatments (data not shown).
The four remaining proteins, YKL40 (chitinase 3 like 1), 2 -microglobulin, MMP-1 and MMP-3 were all secreted proteins. Of these secreted proteins, only MMP-3 showed clear cytokine up-regulation as it was present in all the cytokine-stimulated gels but absent in the control gels. MMP-1 was only found on the IL-1 gel but could not be ruled out from any of the other gels as it was found in the poorly focusing regions. The remaining secreted proteins, YKL40 and 2 -microglobulin, were found on all gels suggesting constitutive expression.
We determined the molecular weights of the proteins and compared these with the expected molecular weights from the SWISS-PRO database. Only four of the proteins: 2 -microglobulin, S100A11, cofilin and peroxirdoxin 1 were found to migrate with the correct molecular weight as estimated by protein markers. The remaining five proteins all ran with an apparent molecular weight that was less than expected, and so were presumably breakdown products. IL-1 and OSM medium is known to contain active proteolytic activity [27] .
Development of a protocol to separate higher molecular weight proteins
Although we were able to identify a significant number of lower molecular weight proteins of interest from the initial gels, it was evident that many of the higher molecular weight proteins present within the sample were not identifiable. Furthermore, when 35 S incorporation was examined (Fig. 2) , the majority of the incorporation was in the higher molecular weight regions of the gel. A new sample preparation protocol was required before a more detailed analysis of the protein expression profile for stimulated human chondrocytes could be performed.
Removal of proteoglycans
Chondrocytes secrete both hyaluronic acid (HA) and large aggregating proteoglycans such as aggrecan. Proteoglycans can interfere in both the first and second dimensions of 2D runs leading to poor reproducibility. Levels of sulphated GAGs (not HA) were measured using the DMB assay and found to vary between 3 and 30 g/ml in different samples, which would be equivalent to 30-300 g per IEF of sulphated GAG. We evaluated three different methods of GAG removal, namely, precipitation, 35 S incorporation. Conditioned medium was prepared by stimulating primary HAC with IL-1/OSM cytokine combinations for 24 h at 378C. For the final 4 h of culture, the cells were pulsed with 35 S-labelled Met/Cyt to label up newly synthesized proteins. Proteins were prepared for 2D by ammonium sulphate precipitation, dialysis and freeze drying before resuspension in 2D sample buffer. Proteins were first separated according to their isoelectric point on 24 cm 3-10 NL strips using 300 g of protein per strip for 28 h at 208C. The second dimension was performed on 12.5% SDS-PAGE gels run O/N at 2W per gel at 108C. The gel was visualized using: (A) silver stain and (B) autoradiography. 
FIG. 2. Identification of newly synthesized proteins by
'þ' protein present, 'À' protein absent, '?' unclear whether protein is present or absent due to poorly resolved region of the gel. 'Full length' refers to the expected protein molecular weights based upon those given in the SWISS PRO database while the actual molecular weights are based upon estimations from molecular weight markers. The data in this table were compiled from three different sets of gels from three patients. enzymic digestion and anion-exchange chromatography, for their effects upon 2D gel resolution.
Enzymic digestion
The effect of treating the samples with either hyaluronidase or chondrotinase ABC was investigated. Chondrotinase ABC degrades all forms of chondroitin sulphate but only slowly degrades HA, while hyaluronidase degrades HA and chondroitin sulphate A/C but not B. Both enzymes digest the GAG chains to disaccharide units that are lost in the subsequent dialysis step. Treatments were performed in the presence of proteinase inhibitors to prevent any degradation either from contaminating proteinases or from endogenous proteinases within the samples. The chondroitinase treatment did not improve resolution (data not shown) while hyaluronidase treatment (Fig. 3B ) was found to improve the definition of the protein spots but horizontal streaking was still present due to poor IEF. Increasing the incubation time from 4 h to overnight had no noticeable improvements in either treatment (data not shown).
Precipitation by CPC
Precipitation of GAGs using the detergent CPC was investigated as a potential alternative to enzymic treatment. Precipitation of proteoglycans could lead to the loss of proteins that interact with the GAG side-chains, many of which are of potential significance to arthritis biology such as the ADAMTS enzymes and cytokines.
Treatment of the samples with CPC led to a reduction in the smearing of proteins across the gel (Fig. 3C) . Precipitation with CPC led to the loss of up to 40% of the total starting protein levels as determined by Bradford protein assay, although all the gels in Fig. 3 had an equal protein load. The focusing of samples which contained no detectable GAG was unaffected by CPC treatment and a single precipitation step was sufficient to reduce GAG levels to below detection level. Increasing the amount of CPC added or repeated precipitation appeared to produce no further improvements (data not shown).
Combined enzymic digestion and CPC precipitation
Neither precipitation nor enzymic treatment alone led to resolution in the higher molecular weight regions of the gels. We investigated whether combining both treatments gave a significant improvement. When a 4 h treatment with hyaluronidase followed by CPC precipitation was performed, a significant improvement in resolution was observed (Fig. 3D) . Treating with CPC first and then with hyaluronidase had no noticeable effect, presumably the CPC interfered with the hyaluronidase (data not shown). These results illustrate the importance of removing charged GAGs from the samples before attempts are made to focus protein samples produced by chondrocytes.
Anionic exchange chromatography
As an alternative to the combined method outlined previously, we exploited the highly negatively charged nature of GAG side-chains using anion exchange. The binding characteristics of two common anionic exchange resins, Q sepharose and DEAE sepharose, were determined using bovine nasal chondrocyte-conditioned medium (Fig. 4) . The medium was dialysed into cacodylate buffer pH 7.5 and batch eluted with increasing concentrations of NaCl, 0-3 M. With the weaker DEAE resin, the protein eluted from the column FIG. 3. Comparison of hyaluronidase treatment with CPC precipitation for the removal of GAG before 2D separation. Pooled conditioned medium was prepared by stimulating primary HAC with IL-1/OSM cytokine combinations for 24 h at 378C. Proteins were prepared for 2D by treating as follows: (A) left untreated, (B) treated with hyaluronidase for 2 h at 378C, (C) treated with CPC, (D) treated with hyaluronidase for 2 h at 378C before CPC precipitation. Proteins were collected by ammonium sulphate precipitation, dialysis and freeze drying before resuspension in 2D sample buffer. 100 g of protein per strip were first separated according to their isoelectric point on 24 cm 3-10 NL strips for 28 h at 208C. The second dimension was performed on 12.5% SDS-PAGE gels run O/N at 2W per gel at 108C before visualization with silver stain. at 1 M salt while the sulphated GAG began to elute at 2 M salt ( Fig. 4A ). For the stronger Q sepharose resin (Fig. 4B) , the proteins had finished eluting in 1-2 M salt while even at 3 M, the sulphated GAG remained bound to the column matrix and this column was selected for further work. Conditioned BNC medium was dialysed into cacodylate buffer in 1 M salt and passed through a Q sepharose batch column. The flow was collected, prepared and separated by 2D ( Fig. 4C and 4D ). This method led to improved focusing in the higher molecular weight regions of the gel. When this protocol was repeated on human cells, similar improvements in protein separation were observed (data not shown).
Discussion
RA is a complex inflammatory disease where many different cytokines are found to be elevated within the joint. In our previous work, we have identified two cytokines, IL-1 and OSM [25] , which are both found at elevated levels within the synovial fluid of RA and which act in a synergistic manner in vitro and in an animal model leading to enhanced cartilage breakdown [25, 27] . Chondrocyte cells are the only cell type found within cartilage, and under normal pathology are responsible for the maintenance of the cartilage structure. However, during inflammatory disease states such as RA, pro-inflammatory cytokines act upon chondrocyte cells to produce enzymes that lead to the eventual destruction of the cartilage and a resulting loss in joint function. While many enzymes including the MMPs and the ADAMTS family have been implicated in this destruction, a better understanding of the disease process could be achieved if a more complete understanding of the changes in protein expression could be determined. In this study, we have developed a novel 2D approach which has the advantage of looking directly at the proteins produced rather than a gene-array-based study that only looks at mRNA expression.
Even though our initial simple sample preparation protocol gave very poor protein separation in the upper regions of the gel, we were still able to identify some proteins of interest ( Table 1) . Two of the proteins identified, MMP-1 and MMP-3, are both proteinases that have already been strongly linked to arthritic destruction [17, 18] . They are known to be produced by chondrocytes after stimulation by IL-1/OSM [28] , and our previous work has confirmed these findings at both mRNA and protein levels [27, 28, 35] . MMP-1, or collagense 1, is an important candidate enzyme for collagen breakdown during arthritic disease, while MMP-3 has also been closely linked to arthritic disease and may play a role in activating other proteinases [35] . We have FIG. 4. Anion-exchange pre-treatment of chondrocyte-conditioned medium. Pooled IL-1/OSM-conditioned bovine nasal chondrocyte medium was dialysed into sodium cacodylate buffer, pH 7.5. Dialysed medium was passed through either: (A) DEAE column or (B) Q sepharose anion-exchange resins. Columns were washed in a step form using increasing salt concentrations 0-3 M in cacodylate buffer and the eluent collected. Protein content was determined using the Bradford protein assay and sulphated GAG content using the DMB assay. For (C) and (D), conditioned medium was dialysed into cacodylate buffer pH 7.5 before making up to 1 M salt. GAG was either retained (C) or removed (D) by passing through a Q sepharose column. Proteins were precipitated using 10% TCA before dialysis into 100 mM ammonium bicarbonate before concentration by freeze drying. First-dimension IEF was performed using 500 g of protein per 24 cm 3-10 NL strips for 28 h at 208C. The second-dimension separation was performed on 12.5% SDS-PAGE gels run O/N at 2W per gel at 108C. The gels were visualized using silver stain. already demonstrated regulation of both MMP-1 and MMP-3 in HAC by inflammatory cytokines and so were expecting these enzymes to be present [28] . MMP-3 is known to be secreted into the medium in both the pro and active forms. The data suggest that these enzymes can be further cleaved when secreted. Another protein identified that may be of some importance during disease state was YKL40, which is a member of the glycosyl hydrolase family of enzymes but has no apparent enzyme activity. It is an extracellular protein that is not synthesized by healthy chondrocytes in vivo, but is a major secreted protein of cultured chondrocytes, and there is some evidence to suggest that it is present in both RA cartilage [36] and in increased levels in synovial fluids [37] . A role as a growth factor has been postulated for YKL40 as it can stimulate chondrocyte cell division and activate several different signalling pathways [38] and may even be able to down-regulate some of the catabolic effects of the inflammatory cytokines IL-1 and TNF- [38] . We identified this protein on all gels looked at so far not only in the native form but also as many different breakdown products suggesting that this protein is actively turned over during culture. Both YKL40 and MMP-3 showed multiple lower molecular weight protein spots suggesting that these were breakdown products of the full-length proteins after proteolytic cleavage. The fact that these lower molecular weight proteins are likely to be degradation products could explain the lack of consistency observed in this region of the gels between samples prepared from different patients. These degradation products were present even though the samples were treated with proteinase inhibitors at collection prior to separation, indicating significant proteolysis occurring either at the cell surface or within the medium after secretion of the protein from the cell.
Treatment of chondrocytes with pro-inflammatory cytokines has previously been shown to lead to an increased production of reactive oxygen species [39] . In this preliminary screen, we were able to identify two enzymes, perxiredoxin 1 and superoxide dismutase that are involved in protecting cells from free-radical damage. Peroxirdoxin 1 was found up-regulated by cytokine treatment and has not been previously described in chondrocytes although another member of this family, peroxiredoxin 5, has been shown to be up-regulated by pro-inflammatory cytokines in OA cartilage [40] . We found constitutive expression of superoxide dismutase although this can be up-regulated by pro-inflammatory cytokines in chondrocytes [39] . We were also able to identify cyclophilin A which has a wide-spread expression pattern and is involved in aiding the correct folding of proteins by catalysing the cis-trans proline imidic peptide bond formation. It is found mainly as an intracellular protein, but can be secreted [41] and has been found in increased levels in RA synovial fluid [42] . Apart from its enzymic activity, it is also a chemotactic agent for both eosinophils and neutrophils [43] , and its levels in an RA joint appear to correlate with both increased numbers of neutrophils and increased joint swelling [42] .
We were also able to further identify three proteins, 2microglobulin, S100A11 and cofilin. 2 -Microglobulin was found expressed constitutively on one set of gels and is associated with the heavy chain of class I major histocompatability complex at the cell surface [44] . Among many of the functions associated with 2 -microglobulin, it can act as an osteoblast growth factor and can also stimulate the production of MMP-3 [45] and MMP-1 [46] in synovial fibroblasts. The two intracellular proteins, S100A11 involved in calcium signalling and the cytoskeletal component cofilin, were found on all gels. As there was no significant amount of the intracellular enzyme lactate dehydrogenase found after cytotoxicity testing, the intracellular proteins identified are unlikely to be present due to cell death.
Using a very simple sample preparation protocol we were able to identify proteins of interest but it was clear that we needed to develop a way of cleaning the sample so that we could reproducibly resolve proteins in all regions of the gels. In vivo and during culture, chondrocytes produce large amounts of GAGs as both monomeric proteoglycan and HA [47] , and the presence of differing amounts of highly charged GAG side-chains are very likely to interfere with IEF. As in a recent publication [48] , we began to investigate methods for removal of GAGs in the hope that this would improve the focusing. Either precipitation with CPC or enzymic digestion with hyaluronidase was unable to resolve the focusing problems sufficiently although a combination of both treatments allowed the upper regions of the gels to be resolved. Treatment of the samples with hyaluronidase gave more discrete protein spots while CPC treatment appeared to improve the IEF across the full pH range. CPC is a long chained aliphatic quaternary amine that binds to the highly charged side groups of GAG chains. Precipitation by CPC works best on large, highly sulphated GAGs and the efficiency is dependent upon the size of the GAG chains and the charge density with sulphate groups binding CPC more strongly than carboxyl groups [49] . CPC precipitation may well precipitate some HA, which contains no sulphate but only carboxyl side groups under the salt conditions used, but will instead be much more efficient at precipitating the large proteoglycan molecules such as aggrecan that contain many highly sulphated chondroitin sulphate sidechains. This suggests that CPC precipitation would remove the large proteoglycan molecules and possibly the larger molecules of HA but would leave the smaller HA molecules in solution to interfere with IEF. Enzymic digestion by hyaluronidase on the other hand would tend to be more effective at removing the smaller contaminating HA chains and be less effective at removing the proteoglycans.
While combining enzymic digestion and precipitation succeeded in solving some of our earlier focusing problems, it raised the problem of protein loss (about 25% by Bradford protein assay) during GAG precititation. The ADAMTS enzymes, which include the aggrecanases ADAMTS 4 and 5, contain multiple thrombospondin type 1 repeats which are known to interact with proteoglycans [29] and so are likely to be lost during the proteoglycan precipitation. Some of the cytokines and chemokines that have been implicated in arthritic diseases have also been shown to interact with proteoglycans including IL-8 [50] and IL-10 [51] and may also be removed by the precipitation step. This leaves the possibility that some proteins of considerable interest to cartilage biology could be removed using this method. The addition of hyaluronidase adds more proteins to an already complicated mix which could cause interference. To overcome some of the problems associated with enzymic digestion and precipitation, we investigated using either DEAE or Q sepharose anion-exchange resins to remove the charged GAG side-chains. The Q sepharose was found to have ideal binding characteristics as we could load the column in 1 M high salt conditions and collect the proteins of interest in the flow while the GAG remained bound to the column. Loading the column in high salt conditions also had the added bonus of disrupting protein-protein or protein-GAG interactions, and so we are less likely to lose the proteins which under normal conditions would be bound to GAG. We will, of course, still lose any protein secreted that contains a GAG side-chain.
We have been able to identify some low molecular weight proteins of potential interest. While this is still early data and requires further work, we were still able to identify nine proteins produced by chondrocytes (Table 1) , which show a broad range of functions. In order to identify high molecular weight proteins, we have developed a method that allows us to use IEF and separate all the proteins produced by chondrocytes. By using an ion-exchange step to pre-clean samples to remove contaminating GAGs, we are able to successfully focus on proteins secreted from human chondrocytes. We are now using this protocol in conjunction with real-time PCR studies to investigate changes in the protein expression of primary human chondrocytes.
